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Structure of Apoptosis-Linked Protein ALG-2:
Insights into Ca21-Induced Changes
in Penta-EF-Hand Proteins
surface for peptide binding and a large cleft near the
dimer interface. We postulate that the binding of a Gly/
Pro-rich peptide in the presence of Ca21 induces a con-
formational rearrangement in ALG-2, and that this mech-
anism is common to other PEF proteins.
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†Protein Engineering Network of Centers Ca21 is a ubiquitous intracellular second messenger [1]
that triggers a wide spectrum of fundamental cellularof Excellence
‡Montreal Joint Centre for Structural Biology processes, e.g., cell cycle [2–4], cell motility [5], and
changes of cell morphology during differentiation [6].§Department of Molecular Cell Biology
Institute of Molecular Biology Ca21 signaling plays an important role in many apoptotic
pathways [7]. Apoptosis-linked gene-2 protein (ALG-2)University of Copenhagen
Oster Farimagsgade 2A is a Ca21 binding protein with proapoptotic function [8].
It was shown that ALG-2 inhibition by antisense RNACopenhagen, DK-1353
Denmark blocked apoptosis that was triggered by cell surface
receptor Fas (CD95) and other stimuli in a variety of cell
lines. ALG-2 exerts its proapoptotic function down-
stream of caspase-3 or independently of this enzyme,Summary
since this protease is activated normally following Fas
engagement in the ALG-2-depleted cells, which are pro-Background: The Ca21 binding apoptosis-linked gene-2
(ALG-2) protein acts as a proapoptotic factor in a variety tected from apoptosis [9]. It is not known at present
how this protein is activated in response to apoptosis-of cell lines and is required either downstream or inde-
pendently of caspases for apoptosis to occur. ALG-2 promoting signals or at what precise level ALG-2 func-
tions in apoptosis.belongs to the penta-EF-hand (PEF) protein family and
has two high-affinity and one low-affinity Ca21 binding ALG-2 belongs to the penta-EF-hand (PEF) protein
family [10]. These proteins, including calpain light chainsites. Like other PEF proteins, its N terminus contains
a Gly/Pro-rich segment. Ca21 binding is required for the [11, 12], grancalcin [13], sorcin [14], peflin [15], and a
yeast hypothetical protein of 38.4 kDa [10], are function-interaction with the target protein, ALG-2 interacting pro-
tein 1 (AIP1). ally different. The only family members with a clearly
defined functional role and known structure are Ca21
binding domains of calpain light and heavy chains,Results: We present the 2.3 A˚ resolution crystal struc-
ture of Ca21-loaded des1-20ALG-2 (aa 21–191), which which are protease subunits [11, 12, 16, 17]. All PEF
proteins bind Ca21, although they do so with variouswas obtained by limited proteolysis of recombinant
ALG-2 with elastase. The molecule contains eight a heli- affinities and stoichiometries. Another prominent feature
of this protein family is the presence of a proline/glycine-ces that fold into five EF-hands, and, similar to other
members of this protein family, the molecule forms di- rich N-terminal region of varied length that is proposed
to play an important role in Ca21-dependent membranemers. Ca21 ions bind to EF1, EF3, and, surprisingly, to
EF5. In the related proteins calpain and grancalcin, the binding [10]. Based on the fact that ALG-2 is functionally
involved in apoptosis and is a Ca21 binding protein, itEF5 does not bind Ca21 and is thought to primarily facili-
tate dimerization. Most importantly, the conformation is a prime candidate to be a molecule that directly links
Ca21 signaling with apoptotic pathways.of des1-20ALG-2 is significantly different from that of
calpain and grancalcin. This difference can be described ALG-2 is a protein of 191 amino acid residues that
contains two canonical EF-hand domains, which bindas a rigid body rotation of EF1-2 relative to EF4-5 and
the dimer interface, with a hinge within the EF3 loop. Ca21 with affinities in the low micromolar range [8, 18,
19]. The ALG-2 protein was conserved during evolutionAn electron density, which is interpreted as a hydropho-
bic Gly/Pro-rich decapeptide that is possibly derived to the extent that human and nematode homologs show
70% sequence identity [7]. Binding of Ca21 to ALG-2from the cleaved N terminus, was found in a hydrophobic
cleft between these two halves of the molecule. induces conformational changes in the protein, which
lead to exposure of hydrophobic regions [18]. ALG-2
interacting protein 1 (AIP1) has recently been identifiedConclusions: A different relative orientation of the
N- and C-terminal halves of des1-20ALG-2 in the presence as a protein that interacts with ALG-2 in a Ca21-depen-
dent fashion [20, 21]. The binding site resides in theof Ca21 and the peptide as compared to other Ca21-
loaded PEF proteins changes substantially the shape C-terminal region of AIP1, as deduced from the ability
of an N-terminally truncated version of AIP1 to bind toof the molecule, exposing a hydrophobic patch on the
k To whom correspondence should be addressed (e-mail: mirek. Key words: calcium binding proteins; penta EF-hand proteins; cal-
cium-induced changescygler@bri.nrc.ca).
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ALG-2 and to inhibit apoptosis, indicating a dominant-
negative activity that is exerted through binding to
ALG-2 [21]. Interestingly, AIP1 has similarities to a re-
cently cloned putative tyrosine kinase that is related to
YNK-1, PalA, and Bro1 and suppresses Ha-ras-medi-
ated transformation [22]. Recently, we have found a
novel ALG-2 isoform (named ALG-2,1) that lacks the
amino acid residues Gly121 and Phe122. This protein
has a lower Ca21 sensitivity compared to that of ALG-2
and does not interact with AIP1, as shown by the yeast
two-hybrid analysis [19].
The structures of the calpain Ca21 binding domains
[11, 12] and grancalcin ([23]; J.J. and M.C., unpublished
data) have been determined in the presence and ab-
sence of calcium. Only relatively small conformational
rearrangements are observed upon calcium binding,
leaving open the question of how this event is signaled
to other domains and/or binding partners. We determined
the structure of elastase-proteolyzed recombinant ALG-2,
lacking 20 N-terminal residues (des1-20ALG-2), in order
to pursue the question of Ca21 signaling by proteins from
the PEF family. This allowed us to identify three Ca21
binding sites. Unexpectedly, we found a molecule bound
to an exposed hydrophobic surface of des1-20ALG-2,
which was interpreted as a hydrophobic peptide possi-
bly derived from the proteolyzed N terminus. Compari-
sons with the structures of other PEF proteins suggest
a model for the Ca21-triggered signal transmission by
proteins from the PEF family.
Figure 1. Omit Map Electron Density of Selected Structural Features
(a) Electron density corresponding to the decapeptide that is con-Results and Discussion
toured at 1s. The neighboring residues are added for clarity.
(b) Electron density corresponding to the Ca21 binding loop of EF5,
Our attempts to crystallize the intact recombinant ALG-2 with 1s contours in blue, and 4.5s contours in black. The figure was
with or without Ca21 were unsuccessful. Limited proteol- prepared with program O [35].
ysis with elastase removed 20 N-terminal residues of
ALG-2 (des1-20ALG-2) and markedly increased the sol-
ubility in the presence of calcium, in agreement with N-terminal part, presumably removed by proteolysis
with elastase, contains a Gly/Pro-rich decapeptide se-similar observations for a slightly shorter construct
des1-23ALG-2 [18]. The elastase-treated ALG-2 crystal- quence, P8GPGGGPGPA17, which lacks extended side
chains, and it was possible to model this sequence intolized, but only in the presence of Ca21. Initial attempts
to solve the structure by molecular replacement, using the electron density in place of the polyglycine model.
Again, the R factors were inconclusive in leading to theeither calpain domain VI (dVI) [11] or grancalcin [23] as
a model, were unsuccessful. The structure was finally correct orientation. However, one of the two orientations
fit somewhat better to the electron density, and in thissolved by multiple isomorphous replacement and anom-
alous scattering using a mercury and a lead derivative orientation the last residue of the peptide, Ala17, is close
to the first residue of the protein model, Ala21. We as-and was refined at 2.3 A˚ resolution.
Like other PEF proteins, ALG-2 forms dimers. The sume this to be the correct orientation, as it provides a
more consistent overall view of the molecule (see be-two-fold symmetry axis of the dimer coincides with the
crystallographic axis. After the entire des1-20ALG-2 was low). The attempt to determine the sequence of this
molecule by N-terminal sequencing of dissolved crystalsfitted into the electron density, there was a continuous
z35 A˚ long stretch of electron density that was left was not successful, possibly due to the “stickiness” of
this very hydrophobic peptide. While the identity of thisunassigned (Figure 1a). The shape of it indicated a long
molecule without any long branch points, and we initially molecule remains to be experimentally determined, its
binding and the effects thereof are evident in the presentfitted a (Gly)10 chain into this density. With the diffraction
data extending only to 2.3 A˚ resolution, we could fit structure. We will refer to it as a decapeptide, as this is
the most likely candidate.equally well a polyglycine chain extending in either di-
rection. Independent refinement of two such models
gave very similar R and Rfree factors. The electron density Structure of the Monomer and the Architecture
of Ca21 Binding Sitesindicated that some of the residues likely have short
side chains of either alanine or proline. The inspection The ALG-2 monomer consists of a single domain com-
posed of eight a helices (Figure 2). They form five EF-of the amino acid sequence of ALG-2 provides a clue
as to what the nature of this peptide might be. The hands, in a manner similar to other members of the PEF
Structure of ALG-2 and Ca21-Induced Changes
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Figure 2. Stereoview of a Monomer of ALG-2 and Calpain dVI
The molecules were superimposed based on the EF4-5 fragments
and are shown in the same orientation.
(a) ALG-2 colored in rainbow from N terminus (blue) to C terminus
Figure 3. View of the EF1 and EF5 Ca21 Binding Sites(red). Ca21 ions are shown as magenta spheres.
(b) Calpain dVI. The difference in the orientation of EF1-2 and EF4-5 (a) Calcium binding to EF1.
between the two proteins is apparent. (b) Calcium binding to EF5.
Dashed lines mark the contacts to the oxygen ligands. The figure
was prepared with programs Molscript [37] and Raster3d [38].
protein family. EF1 is formed by helices a1 and a2 and
the loop between them. EF2 is composed of helix a3 canonical EF-hand pattern, with pentagonal bipyramidal
coordination of Ca21 [24]. The protein provides six oxy-and the N-terminal half of helix a4. The C-terminal half
of a4 and a5 make up EF3. EF4 is composed of a6 and gens to coordinate the ion, while the seventh ligand is
a water molecule, which occupies an axial position. Thethe N-terminal half of a7. Finally, EF5 is composed of
the C-terminal half of a7 and a8. These EF-hands associ- EF1-hand conforms to the canonical EF-hand and differs
in this respect from other PEF proteins like calpains,ate in a typical manner into pairs through a characteris-
tic, short 2-stranded b sheet: EF1 pairs with EF2, and grancalcin, and sorcin, which have EF1 that is one resi-
due shorter than that of ALG-2 and bind the Ca21 ion inEF3 pairs with EF4. The odd EF5 interacts with its coun-
terpart from the second molecule to form a dimer. a somewhat different manner than does the canonical
EF-hand [23]. In ALG-2, the Ca21 ligands in EF1 areFlow dialysis experiments show that ALG-2 binds
three Ca21 ions per molecule, with two sites of high provided by Asp36, Asp38, Ser40, the carbonyl of Val42,
Glu47 (both side chain oxygens), and a water moleculeaffinity and one of low affinity [19]. The two high-affinity
sites were predicted to be EF1 and EF3 based on the (Figure 3a). In EF3, the Ca21 ion is coordinated by
Asp103, Asp105, Ser107, the carbonyl of Met109,analysis of the amino acid sequence of the ALG-2 EF-
hands. Site-directed mutagenesis of the glutamic acid Glu114 (two oxygens), and a water molecule, respec-
tively.residue that is predicted to provide two oxygen ligands
to the Ca21 ion (the so-called “–Z” position [24]) in each In all known members of the PEF family, the loop
between the two helices in EF5 is 2 residues longer thanof these two EF-hands coincided with a decrease of
Ca21 binding [25]. The identity of the low-affinity Ca21 it is in the canonical EF-hand. This moves the usual –Z
glutamate Ca21 ligand, which is located at the beginningbinding site was not resolved in earlier studies. The
crystals of des1-20ALG-2 grown at high (100 mM) con- of the second helix, further away from the canonical
Ca21 binding site located in the N-terminal part of thecentration of CaCl2 contain, indeed, three Ca21 ions
bound to each monomer. As predicted, Ca21 is found loop. Moreover, replacement of the –Z glutamate in a
Ca21 binding EF-hand in calpain [26] or ALG-2 [8, 25]at EF1 and EF3. The third Ca21 ion is found rather unex-
pectedly at EF5, thus proving that this EF-hand is also results in a loss of Ca21 binding. Therefore, that neither
calpain nor grancalcin EF5 binds Ca21 was not surpris-capable of binding a Ca21 ion.
The binding of Ca21 to EF1 and EF3 conforms to the ing. The role of EF5 in PEF proteins was thought to be
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solely in the facilitation of dimerization. The structure of
ALG-2 shows that EF5 is capable of binding Ca21 and
can potentially participate more directly in calcium sig-
naling. EF5’s affinity for Ca21 (presumably the low-affin-
ity site) determined by flow dialysis is relatively low (300
mM) [19]. Therefore, it is not yet clear whether the binding
of Ca21 to EF5 plays a physiological role. The Ca21 ion
binds to EF5 in its canonical location, in the N-terminal
part of the loop (Figure 3b). We could identify only six
oxygen atoms coordinating this Ca21 ion. Four of them
come from canonical positions within EF5: Asp169
(axial), Asp171, Asp173, and the main chain carbonyl
group of Trp175. A water molecule occupies, as usual,
the second axial position. There is, however, no gluta-
mate side chain from the second helix to provide two
additional equatorial ligands. Instead, a water molecule
is found at a distance of 2.31 A˚ from the Ca21 and is
located midway between the usual positions of the
glutamate oxygen ligands. The larger size of the loop,
due to the insertion of 2 residues, provides ample space
for this water molecule. Comparison of the EF5 se-
quences of PEF proteins shows that of the three aspar-
tate ligands in ALG-2, only Asp169 is conserved [23].
It corresponds to the so-called canonical position X.
Therefore, Ca21 binding by EF5 in ALG-2 may be an
exception rather than the rule and may not be directly
related to the Ca21 sensory function of PEF proteins.
Conformational Differences between des1-20ALG-2
and other PEF Proteins
The most noticeable feature of Ca21-loaded des1-
20ALG-2, as compared to calpain and grancalcin, is the
presence of a bound molecule, interpreted here as a
decapeptide. The decapeptide binds in a largely hy-
Figure 4. Peptide Binding Site on the Surface of ALG-2drophobic cleft formed between the helix a7 and the
(a) Peptide binding site on the surface of ALG-2.loop connecting EF3 and EF4 (Figure 4). The peptide
(b) Close up of the peptide binding site. The side chains that interactstarts near the C-terminal end of helix a7 and makes
with the peptide are shown in full.
contacts with both subunits of the dimer, while its C
terminus is buttressed against helix a4 of EF2. The two
ends of the peptide bind to hydrophobic pockets on observed here under suitable conditions. The possibility
that in the intact ALG-2 dimer, the N terminus of onethe des1-20ALG-2 surface, while its center, near Pro14,
bulges out on the surface. The first hydrophobic pocket, monomer binds to the hydrophobic cleft of the second
monomer was also considered. However, the distanceoccupied by Gly9-Pro10-Gly11, is formed by Tyr124,
the aliphatic chain of Arg166, Thr162, and, in addition, from Ala21 to the peptide bound to the other monomer
exceeds 50 A˚, a distance that is much too far to beTyr180 from the second monomer. The second hy-
drophobic pocket, filled by Gly15-Pro16, is created by spanned by a tetrapeptide. The Ala17 end of the peptide
is very close to a symmetry-related peptide (from a dif-Tyr91, Asp94 (backbone), Trp95, Val98, and Phe122.
Aromatic residues form more than half of all residues ferent dimer), and the intact ALG-2 could not fit without
steric clashes in this crystal form.lining these hydrophobic sites. Residues 91–98 on one
side of this pocket are from helix a4, and the peptide The three-dimensional structures are known for two
other PEF proteins, calpain [11, 12, 16, 17] and grancal-is packed tightly against them. The interaction of the
peptide with des1-20ALG-2 is not limited to hydrophobic cin [23]. These two proteins share the same topology
with ALG-2, in that they have similar secondary struc-contacts, but also involves some polar contacts and
hydrogen bonds; Arg166 forms hydrogen bonds to tures. The comparison of calpain dVI and grancalcin,
with and without Ca21, showed that their overall three-Gly11 and Gly12. Thus, the peptide is bound tightly to
ALG-2 in a way that resembles the binding of SH3 do- dimensional structures are very similar and that the dif-
ferences and variability are limited largely to EF1 [23].mains to their Pro-rich targets [27].
The distance between the Ca atoms of Ala17, the last Therefore, the mechanism of Ca21 signaling was thought
to be rather subtle.residue of the peptide, and Ala21, the first residue of
the des1-20ALG-2, is 12.5 A˚ and could be spanned by The Ca21-loaded des1-20ALG-2 with a bound peptide
shows a significant departure from the overall structurea short loop. It is, therefore, possible that in the intact
ALG-2, its N terminus could adopt the conformation of the other two PEF proteins and suggests a molecular
Structure of ALG-2 and Ca21-Induced Changes
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mechanism involving domain movement. Only half of Further investigations by the two-hybrid method
the molecule can be superimposed well on calpain or showed the presence of dimers in vivo [19, 20]. Our
grancalcin at a time, either the N-terminal half (residues dynamic light scattering measurements under condi-
27–107: EF1, EF2, and helix E of EF3; rmsd is 1.38 A˚ for tions close to those used for crystallization (2 mg/ml
69 Ca pairs) or the C-terminal half (residues 108–188: concentration) show only the presence of dimers (data
helix F of EF3, EF4, and EF5; rmsd is 1.60 A˚ for 79 Ca not shown). Therefore, not surprisingly, the molecules
pairs). This indicates that, while the two halves of the in the crystal associate into tightly bound dimers. Dimer-
molecules are rather similar, their relative disposition in ization is facilitated by the packing together of the EF5s
ALG-2 is different than in calpain and grancalcin. These from the two monomers into a four helix bundle (Figure 5)
differences can be ascribed to a rigid body motion of in a manner very similar to that of calpain and grancalcin.
EF1-2 relative to that of EF4-5 and the dimer interface The superposition of the EF5/EF59 interface of ALG-2
(Figure 2). The orientation of EF1-2 in ALG-2, relative to onto calpain and grancalcin results in the rmsd for 76
calpain dVI, corresponds to a rotation of z158 around Ca pairs of 1.80 A˚ and 1.60 A˚, respectively. This mode
the hinge located in EF3, which is within the loop con- of dimerization should be considered typical for the PEF
necting the first and second helix (residues 103–109). A family and is expected to occur in other proteins of this
closer view of EF3 shows that the conformation of the family.
Ca21 binding loop is almost identical to that observed in The ALG-2 dimer has a distinctive “V” shape that is
the EF3 of Ca21-loaded calpain domain VI. The observed rather different from that of calpain and grancalcin (Fig-
large scale conformational differences originate from ure 5). The difference in the overall shape is due to the
small, concerted differences in `/c torsion angles of different position of EF1-2 relative to the dimer interface
residues near both ends of the EF3 loop, affecting the in ALG-2 and the other two proteins. Dimerization of
interhelical angle of helices E3 and F3. ALG-2 creates an interface of 2880 A˚2, an area that
The des1-20ALG-2 structure shows quite clearly that corresponds to the burying of z13% of the total surface
peptide binding requires movement of the EF1-2 (rela- of each monomer. These interactions involve hydropho-
tive to the C-terminal half and dimer interface) from bic contacts and hydrogen bonds. Hydrophobic interac-
the conformation found in calpain and grancalcin. The tions include the side chains of Leu126, Phe130, Ile133,
ALG-2 surface to which the peptide binds is inaccessible Phe138, Val157, Leu161, Ile164, Phe165, Tyr180, Tyr183,
in both calpain and grancalcin. Similarly, a reverse move-
Leu184, Val187, Phe188, and their symmetry mates from
ment of EF1-2, serving to bury the hydrophobic pockets,
the other molecule of the dimer. There are also 16 hydro-
would be expected to accompany dissociation of the
gen bonds between the two subunits of the dimer. Thepeptide. Measurements of 2-p-toluidinylnaphthalene-6-
size of the interface is smaller than in calpain dVIsulfonate (TNS) fluorescence upon binding of Ca21 to
(3600 A˚2, 21% total surface) [11] and grancalcin (3980 A˚2,ALG-2 indicate some rearrangement in the molecule that
19% total surface) [23], which is due to fewer contactsincreases its hydrophobic surface [18], corroborating
between EF1-2 domains within the dimer of ALG-2.our conclusions. It is not presently known if, in the ab-
The above postulated conformational rearrangementsence of the peptide, ALG-2 assumes the same confor-
introduces a significant change in the shape of the dimermation as observed in calpain and grancalcin. We are
(Figure 5) and creates a large and deep crevice near theconducting crystallization trials of recombinant des1-
two-fold symmetry axis of the dimer. This crevice might23ALG-2 in the presence and absence of calcium, but
then become the binding site for the protein(s) inter-no X-ray quality crystals have yet been grown. Neverthe-
acting with ALG-2. The electrostatic potential calculatedless, the present data provide a basis for speculations
with the program GRASP [30] shows that the bottom ofregarding the mechanism of sensing Ca21 and transmit-
the crevice is positively charged.ting the signal. We speculate that ALG-2 in the absence
of a peptide assumes a conformation similar to that
observed in calpain and grancalcin. We speculate fur-
Binding of AIP1ther that Ca21 ions alone are not likely to trigger a large
ALG-2 binds to AIP1 in the presence of calcium [20,conformational rearrangement. Rather, as seen in cal-
21]. The second ALG-2 isoform, ALG-2,1, differs by a 2pain and grancalcin, they initiate small conformational
residue deletion, Gly121–Phe122, yet this completelychanges that may be necessary for subsequent peptide
abrogates AIP1 binding [19]. The CD spectra show rela-binding. We propose that calcium binding is a necessary
tively little difference between the two isoforms, withprerequisite for the large conformational change, which,
45%–50% of a helix and z5% of the b strands [19],however, occurs only upon binding of a Gly/Pro-rich
suggesting very similar three-dimensional structures.peptide. This mechanism is conceptually similar to cal-
Gly121–Phe122 are located at the end of the secondmodulin action [28, 29]. The two lobes of calmodulin are
helix of EF3 (a5), rather distant from its Ca21 bindingconnected by a long and rather flexible polypeptide,
site. Nevertheless, their deletion in ALG-2,1 affects Ca21which partially assumes a helical conformation. Binding
affinity, most likely at the EF3-hand. Phe122 forms oneof Ca21 induces initial reorganization of the EF-hands
wall of the peptide binding pocket, and therefore it isand exposes hydrophobic cavities. In the presence of
expected that its removal together with Gly121 shouldcalmodulin binding peptide, the linker connecting the
have a pronounced detrimental effect on peptide bind-lobes unfolds, permitting them to bind the peptide.
ing. The lack of ALG-2,1 binding to AIP1 may thus be
due to either a requirement for direct interaction of AIP1Dimeric Structure
with Phe122 or a requirement for the presence of theLo et al. [25] showed recently that at 25 mM concentra-
tion ALG-2 forms both monomers and dimers in vitro. intact peptide binding site (with or without the peptide).
Structure
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Figure 5. Dimers of PEF Proteins
(a) Ribbon representation of the ALG-2 dimer
shown in stereo. The two monomers are
shown in light blue and magenta, the peptide
is shown in yellow, and the Ca21 ions are
shown as golden spheres.
(b) Molecular surface of the ALG-2 dimer. The
peptide is shown in magenta in van der Waals
representation.
(c) Calpain dimer. The surfaces are colored
according to their electrostatic potentials and
shown on the same scale. The orientations
of the EF4-5/EF49-59 segments of the two di-
mers are the same. The surfaces were drawn
with program Grasp [30].
The binding of AIP1 could occur within the peptide bind- the Ca21 signal is being transmitted and what the exact
sequence of events is. ALG-2 was discovered in a func-ing area or, conversely, AIP1 could bind to the newly
exposed surface of the active conformation that is within tional assay as a protein involved in apoptosis. Since it
also binds Ca21 and binding is required for its interac-the crevice near the dimer symmetry axis.
We have applied the yeast two-hybrid analysis to elu- tions with its cellular partner, AIP1, ALG-2 may provide
the link between Ca21 sensing and apoptosis. This pro-cidate the role of the N terminus of ALG-2 for AIP1
binding in vivo. The C-terminal domain of AIP1, TH27, tein belongs to the penta-EF-hand protein family, which
includes, among others, grancalcin, peflin, and thethat is fused to the Gal-4 transcriptional activation do-
main was coexpressed in yeast either with the wild-type regulatory domains of calpain. The structures of calpain
domains and grancalcin with and without Ca21 showALG-2 or with the N-terminally truncated ALG-2 protein
(aa 24–191, des1-23ALG-2) that is fused to the DNA that Ca21 binding causes relatively small conformational
changes, which makes it difficult to explain its regulatorybinding domain of Gal-4. The interaction phenotype was
scored by the ability of transformed yeast to grow on a effects.
Here, we have shown that in the presence of Ca21,synthetic medium that lacks histidine and by b-galacto-
sidase activity in yeast extracts. Yeast transformed with des1-20ALG-2 binds a Gly/Pro-rich peptide, likely origi-
nating from its N-terminal segment, and that the overallTH27 along with either des1-23ALG-2 or ALG-2 grew on
a medium without histidine, indicating that the ALG-2/ conformation of the protein is significantly different from
that observed in calpain and grancalcin. A large rotationAIP1 interaction also occurs in the absence of the ALG-2
N-terminal peptide (data not shown). Quantification by of the N-terminal part relative to the C-terminal part and
dimer interface creates a binding site for the peptide andthe liquid b-galactosidase assay, however, revealed that
des1-23ALG-2 interacts with TH27 at least z33 weaker changes the shape of the dimer. Since all PEF proteins
contain Gly/Pro-rich sequences at their N termini, wethan does ALG-2 (Figure 6).
These observations, together with the previously de- propose that the conformational rearrangement is stim-
ulated by the binding of a peptide in the presence ofscribed lack of interaction between ALG-2,1 and AIP1
[19], led us to conclude that both Phe122 and the N-ter- Ca21 and that this is a mechanism common to all PEF
proteins. Thus, the activation of ALG-2 and other PEFminal peptide of ALG-2 are important for the interaction
with AIP1. The exact role of the N-terminal peptide will proteins appears to be remarkably similar to the mecha-
nism of activation of calmodulin.become clear once the structures of the intact ALG-2
and the complex between ALG-2 and AIP1 are deter-
Experimental Proceduresmined.
Cloning, Expression, and Purification of the Recombinant
ALG-2 ProteinBiological Implications
As described previously [19], ALG-2 cDNA obtained after reverse
transcription from mouse liver RNA and PCR amplification wasProgrammed cell death is invoked by a variety of stimuli
cloned into the pGEMEXII (Promega) expression vector, and the
and occurs through several pathways. Transient in- protein was expressed in E. coli BL21(DE3) after induction with 1
crease in Ca21 concentration is known to be associated mM IPTG. The protein was purified by Ca21 precipitation from total
bacteria extracts, followed by anion exchange chromatography inwith some of the pathways. It is not clear, however, how
Structure of ALG-2 and Ca21-Induced Changes
273
Figure 6. Two-Hybrid Analysis of the Interac-
tion of the TH27 Construct, Corresponding to
the C-Terminal Domain of AIP1, with ALG-2
and its Truncated Form, des1-23ALG-2
Two-hybrid analysis of AIP1 (TH27) interac-
tion with ALG-2 and its truncated form, des1-
23ALG-2. The b-galactosidase activity in
yeast extracts was determined for five inde-
pendent clones from each transformation.
Values (mean 6 SD) are given in arbitrary
units. Yeast transfected with the TH27 or BD
ALG-2 plasmids along with the empty BD-
Gal4 or AD-Gal4, correspondingly, served as
negative controls.
a NaCl gradient of 0–500 mM NaCl. ALG-2 was eluted as a single verified as recommended by the manufacturer’s protocol. Yeast
cultures were grown at 308C in either YPD medium (2% peptone,peak at about 150 mM NaCl. The purity of the protein was confirmed
by MALDI-TOF MS. 1% yeast extract, 2% glucose) or SD minimal medium (0.67% nitro-
gen base, 18.2% D-sorbitol, 2% glucose) that was supplemented
with amino acids. Transformation was performed as in [19]. b-galac-Construction of Gal-4 Domain Plasmids
tosidase activity in solution was analyzed with the Galacton-StarConstruction of the pBD ALG-2 expression vector was described
reporter assay kit (Tropix) according to the manufacturer’s protocol.previously [19]. The deletion of amino acid residues 1–23 (DN23)
Between four and five independent clones from each transformationwas introduced into ALG-2 by PCR using the pBD ALG-2 plasmid
were analyzed. The experiments were performed in triplicate. Yeastas a template with a downstream primer, 59-GAAGTACATATGGAC
transformed with TH27 and the empty pBD-Gal4 vector, as well asCAGAGCTTCCTGTGGAAC-39, and an upstream primer, 59-GTT
yeast transformed with pBD ALG-2 and the empty pAD-Gal4 wereAGATCATATGTTCGATCTCTTTTTTTGGGTTTGGAG-39, both con-
used as negative controls.taining an NdeI-site (underlined). PCR amplification was performed
using a 10:1 AmpliTaq (Perkin Elmer):PfuI (Stratagene) polymerase
mixture. The PCR product was purified from agarose gel, digested
Proteolysis, Crystallization, and Data Collectionwith NdeI, and self-ligated.
The protein was dialyzed on Collodion membrane (Schleicher &TH27 cDNA, coding for amino acid residues 477–869 of AIP1, was
Schuell) with 10 kDa cutoff, the buffer was exchanged to 20 mMgenerated by PCR using the forward primer 59-AAGTCTCGAGC
Tris (pH 8.0), 5 mM EDTA, and the protein was concentrated to z2CAAAGGACTCCATCCAATGAC-39 and the reverse primer 59-GAG
mg/ml over 2 days. The protein was mixed with elastase (BoehringerTTCTAGAGTTACTGCTGTGGATAGTAGG-39. The forward primer
Mannheim) at a 3000:1 ratio (w/w) and incubated for 15 hr. N-terminalcontains an XhoI site (underlined), and the reverse primer contains
sequencing showed that proteolyzed ALG-2 started at residue Ala21an XbaI site (underlined). The pAD-TH28 plasmid [19] served as a
(ALPDE). Following cleavage, the protein was dialyzed and concen-template. The PCR product was digested with XhoI and XbaI and
trated on Collodion membrane to 6 mg/ml. Crystallization was per-cloned into the pAD-Gal4 vector (Stratagene). All constructs were
formed by the hanging-drop vapor diffusion method at room temper-verified by sequencing.
ature. Crystals of des1-20ALG-2 grew only in the presence of
calcium. These crystals were obtained by equilibration with the wellYeast Strain, Transformation, and Phenotype Analysis
solution that contained 0.1 M sodium cacodylate (pH6.5), 100 mMThe Saccharomyces cerevisiae strain YRG-2 (Mata ura3-52 his3-
CaCl2, 12%–15% PEG8000. The crystals are tetragonal, with space200 ade2-101 lys2-801 trp1-901 leu2-3 112 gal4-542 gal80-538
group P4122, cell dimensions a 5 72.1 and c 5 91.5 A˚, and oneLYS2::UASGAL1-TATAGAL1-HIS3 URA3::UASGAL4 17-mers (33) – TATACYC1-
molecule in the asymmetric unit. All data were collected at 100 K.lacZ) (Stratagene) was used for all two-hybrid experiments. The
Before data collection, crystals were soaked for 10 min with 100HIS3/LEU2/TRP1/URA3 phenotype of the YRG-2 yeast strain was
mM sodium cacodylate (pH 6.5), 100 mM CaCl2, 15% PEG8000,
and 25% glycerol and flash frozen in a cold nitrogen stream. The
native data set was collected on beam line X8C at Brookhaven
Table 1. Data Collection Details National Laboratory (Upton, New York). The derivative data sets
were collected on a MAR300 area detector mounted on a Rigaku
Native Thimerosal1 Lead Acetate2
Resolution (A˚) 2.3 3.0 3.2
Measured reflections 69,890 19,757 13,817
Table 2. Refinement StatisticsUnique reflections 10,911 4,153 3,869
Completeness (%) 96.8 96.0 89.3
R factor (%) 25.0In highest resolution shell 96.0 96.3 81.2
Rfree (%) 29.5R merge (%) 6.1 8.0 10.7
Number of residues 177In highest resolution shell 21.3 26.1 22.5
Number of nonhydrogen atoms 1454Phasing power 2.04 1.85
Number of water molecules 51
Average B factor (A˚2) 44.71 Crystal was soaked in 2 mM thimerosal solution for 6 hr. There
was one site near Cys155. Rmsd bond length (A˚) 0.006
Rmsd bond angle (8) 1.222 Crystal was soaked in 2 mM lead acetate for 4 hr. There was one
site, also near Cys155. The two heavy atom sites bound on different Ramachandran plot: % of residues
In most favorable region 90.1sides of the cysteine and were 3.2 A˚ apart. The FOM for the resolu-
tion 15–3 A˚ was 0.54. In disallowed regions 0.0
Structure
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RU200 rotating anode generator. Data processing and scaling were pain Ca(21)-binding domain reveals a novel EF-hand and
Ca(21)-induced conformational changes. Nat. Struct. Biol. 4,performed with DENZO and SCALEPACK [31], respectively (Table 1).
Subsequently, we have expressed and purified des1-23ALG-2 (aa 532–538.
12. Lin, G.D., et. al., and Narayana, S.V. (1997). Crystal structure of24–191). Crystallization attempts of this protein under many different
conditions led only to poor quality, highly intergrown crystals. Fur- calcium bound domain VI of calpain at 1.9 A˚ resolution and its
role in enzyme assembly, regulation, and inhibitor binding. Nat.ther trials are underway.
Struct. Biol. 4, 539–547.
13. Boyhan, A., Casimir, C.M., French, J.K., Teahan, C.G., andStructure Determination, Model Building,
Segal, A.W. (1992). Molecular cloning and characterization ofand Crystallographic Refinement
grancalcin, a novel EF-hand calcium-binding protein abundantAll crystallographic calculations were carried out with the CCP4
in neutrophils and monocytes. J. Biol. Chem. 267, 2928–2933.package [32]. Heavy atom positions were located from Harker sec-
14. Van der Bliek, A.M., Meyers, M.B., Biedler, J.L., Hes, E., andtions on isomorphous and anomalous difference Patterson maps,
Borst, P. (1986). A 22-kd protein (sorcin/V19) encoded by anand their parameters were refined with program MLPHARE [33] to
amplified gene in multidrug- resistant cells is homologous to the3.2 A˚ resolution. The overall figure of merit was 0.58. MIRAS map
calcium-binding light chain of calpain. EMBO J. 5, 3201–3208.was improved by solvent flattening using the program DM [34].
15. Kitaura, Y., Watanabe, M., Satoh, H., Kawai, T., Hitomi, K., andThe resulting map clearly showed electron density for most of the
Maki, M. (1999). Peflin, a novel member of the five-EF-hand-polypeptide chain as well as many side chains. Model building was
protein family, is similar to the apoptosis-linked gene 2 (ALG-2)performed with program O [35], and the crystallographic refinement
protein but possesses nonapeptide repeats in the N-terminalwas carried out using maximum likelihood targets, as implemented
hydrophobic region. Biochem. Biophys. Res. Commun. 263,in the program CNS [36]. The final model consists of one protein
68–75.molecule from residue 21–188, a peptide from residue 8–17, 3 Ca21
16. Hosfield, C.M., Elce, J.S., Davies, P.L., and Jia, Z. (1999). Crystalions, and 51 water molecules (Table 2). The last 3 residues of the
structure of calpain reveals the structural basis for Ca(21)-protein were disordered and were not modeled. Electron density
dependent protease activity and a novel mode of enzyme acti-map is well defined along the entire polypeptide. The average B
vation. EMBO J. 18, 6880–6889.factor of 44.7 A˚2 for all atoms in the refined structure is somewhat
17. Strobl, S., et. al., and Bode, W. (2000). The crystal structure ofhigh, but it corresponds very well to the overall B factor calculated
calcium-free human m-calpain suggests an electrostatic switchfrom Wilson statistics (50.2 A˚2). To confirm the presence of the
mechanism for activation by calcium. Proc. Natl. Acad. Sci. USApeptide, we collected a native data set from a second crystal. The
97, 588–592.electron density map that was calculated from this data showed
18. Maki, M., Yamaguchi, K., Kitaura, Y., Satoh, H., and Hitomi, K.the same density for the peptide as for the first crystal.
(1998). Calcium-induced exposure of a hydrophobic surface of
mouse ALG-2, which is a member of the penta-EF-hand protein
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